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Feeding currents facilitate a mixotrophic way of life

Lasse T Nielsen and Thomas Kigrboe
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Mixotrophy is common, if not dominant, among eukaryotic flagellates, and these organisms have to
both acquire inorganic nutrients and capture particulate food. Diffusion limitation favors small cell
size for nutrient acquisition, whereas large cell size facilitates prey interception because
of viscosity, and hence intermediately sized mixotrophic dinoflagellates are simultaneously
constrained by diffusion and viscosity. Advection may help relax both constraints. We use
high-speed video microscopy to describe prey interception and capture, and micro particle image
velocimetry (micro-PIV) to quantify the flow fields produced by free-swimming dinoflagellates.
We provide the first complete flow fields of free-swimming interception feeders, and demonstrate
the use of feeding currents. These are directed toward the prey capture area, the position varying
between the seven dinoflagellate species studied, and we argue that this efficiently allows the grazer
to approach small-sized prey despite viscosity. Measured flow fields predict the magnitude of
observed clearance rates. The fluid deformation created by swimming dinoflagellates may be
detected by evasive prey, but the magnitude of flow deformation in the feeding current varies widely
between species and depends on the position of the transverse flagellum. We also use the near-cell
flow fields to calculate nutrient transport to swimming cells and find that feeding currents may
enhance nutrient uptake by ~75% compared with that by diffusion alone. We argue that all
phagotrophic microorganisms must have developed adaptations to counter viscosity in order to
allow prey interception, and conclude that the flow fields created by the beating flagella in
dinoflagellates are key to the success of these mixotrophic organisms.
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Introduction

Many or most eukaryotic flagellates are in principle
mixotrophic, that is, they photosynthesize and take
up food simultaneously (Flynn et al., 2013). One
implication of this is that they need to be able to
both harvest dissolved inorganic nutrients and
intercept and capture particulate prey. Nutrient
uptake in unicellular organisms is typically con-
strained by the diffusive delivery of nutrients to the
cell surface, and is much more efficient for small
than for large cells (Munk and Riley, 1952; Fiksen
et al., 2013). Conversely, prey interception is
constrained by viscosity for small cells operating at
low Reynolds numbers because the viscous boun-
dary layer surrounding the predator may push
away the prey as it is approached (Kigrboe, 2011).
Purely autotrophic organisms are, therefore, typically
very small (for example, cyanobacteria), and purely
heterotrophic organisms typically larger, with the
mixotrophic strategy occurring mainly in interme-
diately sized (~5-100um) organisms (Stoecker,
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1998) that are thus constrained both by viscosity
and diffusion.

Dinoflagellates are one of the most abundant and
ecologically important groups of aquatic flagellates.
Most of them are either heterotrophic or mixo-
trophic (Stoecker, 1999). They are generally
10-100 pm long, swim at 2-20 body lengths s~ ', and
hence operate at Reynolds numbers of 10 *-10"".
Thus, dinoflagellates are constrained by both diffu-
sion and viscosity but have nevertheless evolved
into a diverse and hugely successful group. What
has ensured this success?

Swimming will increase nutrient uptake by
renewing nutrient-replete water around the cell,
and swimming or feeding currents are often also
required to encounter prey. The enhancement of
nutrient delivery and the rate of prey encounter and
prey capture success may, however, depend on the
flow field that the flagellate generates (Langlois
et al., 2009). The advective enhancement of nutri-
ents because of swimming/feeding currents is
quantified by the Sherwood number, with Sh=1
for no enhancement relative to pure diffusion (Karp-
Boss et al., 1996). For an organism moved by a body
force (such as gravity), Sherwood numbers are close
to unity for the Reynolds numbers considered here,
whereas it is higher for a self-propelled organism, as
suggested by theoretical models based on idealized
flows (Magar et al., 2003; Magar and Pedley, 2005;
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Langlois et al., 2009; Bearon and Magar, 2010).
Similarly, prey encounter by direct interception
depends on the flow field generated by the flagellate
and is higher the closer the streamlines come to the
capture region on the flagellate (Langlois et al.,
2009). Interception feeding has been suggested as a
common prey encounter mechanism in flagellates
(Fenchel, 1982, 1984; Christensen-Dalsgaard and
Fenchel, 2003), but feeding flows of free-swimming
forms have not been described in any detail. Finally,
many of the potential prey of dinoflagellates are
evasive, that is, they can perceive the flow dis-
turbance generated by the approaching flagellate,
and escape (see, for example, Jakobsen, 2001).
Specifically, plankton organisms may respond to
fluid deformation when it exceeds a certain thresh-
old that typically is in the range of 1-10s " (Kigrboe
and Visser, 1999; Kigrboe et al., 1999; Jakobsen,
2001, 2002; Fenchel and Hansen, 2006). Thus,
overall, there are tradeoffs between rapid swimming
to enhance nutrient uptake and prey encounter
versus the resulting elevated risk of eliciting prey
escape responses, and these tradeoffs may depend
strongly on the flow and deformation fields gener-
ated by the dinoflagellate.

Most dinoflagellates have two distinct flagella,
one trailing after the cell as it swims, termed the
longitudinal flagellum, and one encircling the cell,
termed the transverse flagellum. The transverse
flagellum and the distal end of the longitudinal
flagellum are typically situated in grooves on the
outside of the cell (termed the cingulum and sulcus,
respectively). Combined, the two flagella propel the
cell forward in a helical path (Fenchel, 2001). The
position of the transverse flagellum varies between
species; it is typically located equatorially, but
several species have it positioned more anteriorly
(Figure 1). The different flagellar arrangements
likely create different flows in the near field region
of the cell, with possible implications for nutrient
transport and perception and capture of prey. All
dinoflagellates have but a single point of prey
ingestion; direct engulfment takes place only
through a single non-permanent cytostome, typi-
cally located in the sulcus, and peduncles also
occupy a fixed position, also typically originating
from the sulcus (see Figure 1) (Hansen and Calado,
1999). It is unknown how dinoflagellates ensure that
prey arrives to this particular region. It is also
unknown to what extent the flagella are involved in,
or mediate, prey capture.

In this study we describe for the first time the flow
fields generated by seven species of dinoflagellates
with different flagellar arrangements in order to
assess all the three aspects of nutrient acquisition
considered above. Only recently it has become
possible to measure the flow fields around micro-
organisms, and such observations exist only for a
few organisms and were collected mainly in the
context of nutrient acquisition and fluid dynamics
of swimming (Drescher et al., 2010, 2011; Kigrboe
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et al., 2014; Goldstein, 2015). We use micro particle
image velocimetry (micro-PIV) to visualize the flow
and high-speed video microscopy to describe prey
encounter and prey capture. We demonstrate that
feeding flows are sufficient to account for observed
clearance rates and that the flows generated differ
between species and likely represent adaptations to
feeding on evasive and nonevasive prey. Finally, the
flows imply significantly elevated nutrient uptake
rates relative to that because of pure diffusion.

Materials and methods

Cultures and laboratory conditions

We studied seven species of mixotrophic and
heterotrophic dinoflagellates (Figure 1 and Table 1).
Two of these species are peduncle feeders (Amphi-
dinium longum and Dinophysis acuta), whereas the
rest engulf particles directly. All experimental
organisms were taken from our culture collection.
The cultures were grown in Bl-medium with a
salinity of 32 at 20°C. Most of the mixotrophic
species grew photoautotrophically at =~ 100 pmol
photons m~?s~'. D. acuta is an obligate mixotroph
and was fed the mixotrophic ciliate Mesodinium
rubrum that, in turn, was fed the cryptophyte
Teleaulax amphioxeia (Park et al., 2006). The
heterotrophic dinoflagellates were fed weekly with
Rhodomonas salina and presented with only low

—2o—1

light level (~5 pmol photons m~?s7").

Experimental setup

Observations of swimming and feeding dino-
flagellates were made using an Olympus [X71
inverted microscope (Olympus, Ballerup, Denmark)
equipped with 4-100 x DIC objectives, two build-in
magnifying lenses (1-1.6x and 1-2x) and a
Phantom V210 high-speed (10%>—10° frames s '),
high-resolution (1280 x 800 pixels) video camera
capable of post-triggering (Vision Research, Wayne,
NJ, USA). Fields of view ranged from 0.64 mm x 0.40
mm when applying the 40x objective to
0.26 mm x 0.16 mm when applying the 100 x objec-
tive. The organisms swam in 10 mm x 10 mm cham-
bers 0.5mm high. These were produced using
several layers of cover slip glass mounted on a
microscope slide with silicone grease. The micro-
scope was focused in the middle of this chamber,
ensuring that wall effects were negligible. Cell
concentrations were never higher than one to few
cells per field of view, and most often much less.
The whole setup was placed in an air-conditioned
room set to 16°C. Swimming speed, U, was
calculated from the position of the cell relative to
the camera in consecutive frames as:

U:\/AXZ—&—Ayzfoijf

where Ax and Ay are the changes in x and y in pm
between the two frames, fps is the frame rate of the
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Figure 1 Schematic drawings of the experimental organisms. Gyrodinium dominans (a); Akashiwo sanguinea (b); Dinophysis acuta (c);
Oxyrrhis marina (d); Protoceratium reticulatum (e); Lingulodinium polyedrum (f); Amphidinium longum (g). (a, b, e, f) all have the
transverse flagellum situated equatorially, like the majority of dinoflagellates. (c, g) have it positioned more anteriorly. (d) Does not have a

distinct transverse flagellum.

Table 1 Studied dinoflagellate species, and characteristics of their morphology, trophic mode and swimming

2119

Species name Length (um)  Width (um)  Transverse flagellum®  Trophic mode  Swim speed (ums~") Re®

Akashiwo sanguinea 73%15 4613 Equatorial Mixotrophic 45118 1.3x10*°
Amphidinium longum 29+3 17+4 Anterior Heterotrophic 84147 9.6 x10 *
Dinophysis acuta 79+5 54+5 Anterior Mixotrophic 104 £ 36 3.5x10°°
Gyrodinium dominans 24+3 142 Equatorial Heterotrophic 259157 2.5x10°°
Lingulodinium polyedrum 365 32+3 Equatorial Mixotrophic 105 £52 1.8x10°°
Oxyrrhis marina 302 18+1 Other Heterotrophic 256 £ 10 3.1x10*®
Protoceratium reticulatum 40+6 3617 Equatorial Mixotrophic 145+ 30 2.7x10°°

“Denotes position of the transverse flagellum. Oxyrrhis marina does not have a distinct transverse flagellum.
"Reynolds number calculated as Re =u x a/v, where u is the swimming speed, a the average cell radius and v a kinematic viscosity of

10 *cm?*s .
particular video in frames s~ ' and Af is the number
of frames between the two selected frames.

Prey capture observations

Prey capture was observed in A. longum, Gyrodi-
nium dominans and Oxyrrhis marina offered the
6 um-sized flagellate R. salina (Figure 2 and
Supplementary Movie S3). We monitored swimming
and feeding dinoflagellates and simply captured
sequences where prey capture happened in the field
of view and in focus. Numerous (> 20) prey capture
events were observed at low magnification ( x 40 to
x 200) for each of the species. Where possible, these

were supported by high-magnification (x 400 to
x 2000) recordings. For O. marina, 18 such
high-magnification sequences were recorded. For
A. longum and G. dominans, only a few were
recorded because of the limitations set by the
combination of the limited field of view, the more
dilute cultures and the rarity of food capture events.

Dinophysis acuta feeds solely on M. rubrum, but
despite hours of observation we never managed to
record a capture event similar to that tentatively
described for D. acuminata before (Hansen et al.,
2013). The remaining species grew photoautotro-
phically in our cultures, and we did not attempt to
observe prey capture.

The ISME Journal
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Flow visualization

Flow fields generated by feeding and swimming
dinoflagellates were visualized and quantified using
micro-PIV (Figure 3). We used the same swimming
chambers as above but seeded the water with 0.5 pym
neutrally buoyant polymer spheres (Nanospheres,
Duke Scientific Corp., Palo Alto, CA, USA). Rather
than using a laser sheet to define the observation
plane as in traditional PIV, this plane was here
simply defined by the focal depth of the objective.
The focal depth is not an exact quantity, but at the
magnifications used here, the focal depth is one to
few pm (Berek, 1927). Only videos where the
experimental organism was in focus and moved in
the focal plane were used. Organisms were masked
using Image] 1.46r (http://imagej.nih.gov/ij/) before
analysis of the flow fields. Video sequences were
analyzed using DaVis PIV software 8.0.6 (Lavision
GmbH, Goettingen, Germany) to quantify the water
flow generated by the swimming dinoflagellates.
This software also allows us to compute fluid
deformation fields. The relevant property in the

a b

context of prey signal perception is the maximum
strain rate (Kigrboe and Visser, 1999). For compar-
isons between species, we contoured the 3s'
value. This is also the threshold strain rate that will
elicit escape reactions in M. rubrum, the prey of
Dinophysis spp.

In order to quantify and visualize the flow relative
to the swimming organism (rather than the camera),
the swimming velocity of the organism was
subtracted from the flow field. This was achieved
within the DaVis software. These flow fields were
used to calculate the potential clearance rates and
the flux of inorganic nutrients as described below.

Clearance rates

Potential clearance rates were calculated for the
two heterotrophic dinoflagellates G. dominans and
O. marina based on the observed flow fields, and the
observation that both species capture and ingest
prey items only in the sulcus—cingulum intersection
(point of capture). The clearance rate was calculated
as the flow through a cross-sectional area next to the

Figure 2 Stills from high-speed videos of prey capture in Amphidinium longum (a), Gyrodinium dominans (b) and Oxyrrhis marina
(c). A. longum captures the prey at its own anterior end, whereas the other two do it laterally near the origin of the two flagella.
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Figure 3 Flow and shear fields of the seven species of dinoflagellates. Gyrodinium dominans (a); Akashiwo sanguinea (b); Dinophysis
acuta (c); Oxyrrhis marina (d); Protoceratium reticulatum (e); Lingulodinium polyedrum (f); Amphidinium longum (g). Organisms have
been cropped in from the original videos. White arrows indicate the swimming direction. Black length scales are 10 um. Black vectors

show the flow field, and the red arrow represents a 100 ums "

scale. The color scheme denotes the fluid deformation, and the blue

contour line shows the 3s* threshold value (see text). The red dots mark the point of prey capture, as either observed here or from the

literature. See text for interpretation.
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point of capture, with the size of this area dependent
only upon the prey size. The cross-sectional feeding
area was calculated slightly differently for the two
species (Figure 4). Adopting an anterior or posterior
view, for G. dominans, it was calculated as a circle
centered in the dinoflagellate’s point of capture and
with a radius equal to one prey radius (Figure 4a).
The overlapping area of the circle that represented
the dinoflagellate was subtracted. O. marina has a
~5 pm wide ventral bulge believed to be the capture
site. Again from an anterior or posterior view, an
area of 5 um x the prey radius was thus added to the
cross-sectional area otherwise calculated as for
G. dominans (Figure 4b).

Flow velocities through the feeding area were
extracted using the DaVis software. For all prey sizes,
the potential clearance rate was calculated as the cross-
sectional area of the feeding current multiplied by the
average flow velocity through this area (Figure 5). Four
independent flow fields were analyzed from each of
three videos (n=12) for both species.

For comparison, literature values of maximum
clearance rates were compiled for both species. For
O. marina, data comprised sources collected by
Roberts et al. (2011), and for G. dominans those
collected by Lee et al. (2014) supplemented by the
study of Yoo et al. (2010). Where clearance rates
were not explicitly given, these were calculated as
the initial slope of ingestion vs prey concentration
curves. For each data set, the growth rate at food-
replete conditions had to be at least 50% of the
maximum growth rate reported across all data sets,
else the clearance data were excluded. This was
done to avoid false low clearance rates because of
escaping prey or negative prey selection.

Nutrient uptake and Sherwood number
Flow fields relative to the organism also provided
the basis for calculations of nutrient transport to
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swimming D. acuta cells. This particular species
was chosen for its approximately rotational symme-
trical and stationary flow field that allows for
conversion from two-dimensional observations to a
three-dimensional approximation. A similar flow
field was found in A. longum but this species is
purely heterotrophic, and presumably does not take
up inorganic nutrients. The asymmetric two-dimen-
sional flow fields of the remaining species could not
satisfactorily be converted to the three-dimensional
flow fields needed for flux calculations.

First, the best axis of symmetry was identified for
each frame, and the two halves were averaged. The
observed flow fields were not entirely divergence
free, as assumed by our calculations. Thus, a
divergence-free flow field was matched to best fit
the observed average flow field using a least squares
fitting approach in MATLAB v. R2013a (MathWorks,
Natick, MA, USA; Figure 6b). An ellipse was fitted
to best represent the outline of the dinoflagellate.
The steady-state concentration field was calculated
using Comsol v. 4.4 (Comsol Inc., Burlington, MA,
USA) and by assuming a constant concentration in
the far field, a concentration of zero at the
dinoflagellate surface and a specific diffusion
coefficient, D=10"?m?s~'. The integrated flux
was then calculated, both for the observed flow
field and for the case of no fluid flow, and the
Sherwood number was computed as the ratio of the
two integrated fluxes (that is, the enhancement of
nutrient transport due to advections). The calcula-
tion was repeated for 30 individual video frames.

Results

Flagellar arrangements and swimming speeds

The studied dinoflagellates were separated into
three groups based on the position of the transverse
flagellum (Figure 1 and Table 1). One type has
the transverse flagellum positioned approximately

Figure 4 Schematic figure of the cross-sectional area (dark shaded) of the feeding current in Gyrodinium dominans (a) and Oxyrrhis
marina (b). In (a), the area is a circle (r = prey radius) minus the area of the circle that is the dinoflagellate predator. The dark gray dot
indicates the point of capture. In (b), the area is a rectangle (5 pum x prey radius) outside the ventral bulge (VB) plus a circle sector
(r=prey radius) on either side. Prey is caught all along the width of the ventral bulge.
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Figure 5 Clearance rates of Oxyrrhis marina (top) and Gyrodinium dominans (bottom) as a function of prey size. Colored circles show
our calculated values for each of the 12 replicate frames. The solid black line is a least squares linear regression. Black dots are literature

values.

equatorially. This resembles the most common
dinoflagellate morphology. A second group has the
transverse flagellum positioned anteriorly, whereas
the evolutionary primitive O. marina does not have
a distinct transverse flagellum, and fell in its own
group. The dinoflagellates ranged in length from
~25 to 80 um, and swam at speeds between 45 and
260 ums ", corresponding to 0.6—11 body lengths
s~ '. Reynolds numbers of the swimming dinofla-
gellates were in the range of 1.0 x 10 ~°-3.5 x 10 °.

Prey capture
High-speed videography of prey capture events
revealed several striking and surprising features
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of the prey capture process (Figure 2 and
Supplementary Movie S1). First and foremost, none
of the observed dinoflagellates pushed the prey
away when approaching, as otherwise speculated.
A. longum made first contact with the prey at its
own anterior (frontal) end, that is, simply swam up
to the prey (Figure 2 and Supplementary Movie S1).
Prey cells were not pushed away, but rather pulled
slightly toward the approaching predator. A. longum
then connected to the prey with a peduncle within
4-6 s from the first cell-cell contact. No other means
of attachment (for example, capture filament) were
observed, and the otherwise rather oblivious prey,
R. salina, was on a few occasions seen to perform
successful escape jumps during this interval.
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Figure 6 Dinophysis acuta, a single video frame. Flow relative to the organism (a), observed (blue) and optimized (green) flow fields
used for calculations of diffusion (b) and the resulting concentration field (c). Scale bars are 50 pm and white arrows show the swimming
direction. The swimming velocity of D. acuta was 113 pms~*, corresponding to the white color in (a). Blue colors thus represent water
that to some extent moves with the dinoflagellate, whereas red colors represent water that moves faster (relative to the organism) than
prescribed by the swimming speed of the organism alone (that is, actively pulled opposite the swimming direction). The observed flow
field (blue) in (b) is the average of the left and right side of the axis of symmetry. The concentration field (c) shows a steep decline in
nutrient concentration in front and to the sides of the cell. The color scheme is relative. The Sherwood number computed using the flow
field was 1.75+0.06, denoting a 75% increase in nutrient uptake because of swimming.

This happened only, however, after extensive cell-
cell physical contact, and was not a reaction to fluid
disturbances.

G. dominans never swam into a prey cell with its
anterior end. Instead, it always made first contact
with the equatorial parts of its own cell (Figure 2
and Supplementary Movie S1). This suggests a flow
toward this particular area of the cell. After first
contact, G. dominans circled around the prey and
bumped into it several times with its own equatorial
part. After a few such close contacts, the actual prey
capture was facilitated by the deployment of a
capture filament, after which G. dominans swam
away with the prey attached at the end of a ca. 30 pm
long filament. Ingestion was through whole cell
phagocytosis.

O. marina, like G. dominans, never swam into a
prey cell with its anterior end. It too managed always
to meet the prey with the area of prey capture (the
ventral bulge, near the origin of the two flagella). First
contact was immediately followed by an upfolding of
the trailing flagellum such that the flagellum
encircled the prey item. This ensured that O. marina
kept a close contact with the prey item as it circled
around it several times. We interpret the upfolding of
the trailing flagellum as a mechanism of prey
manipulation, seemingly in order to achieve correct
prey alignment before attachment, and possibly to
keep the prey from escaping. No evidence of a
capture filament was found; instead O. marina
seemed to simply attach to the prey at the ventral
bulge after a few seconds of prey manipulation.
Ingestion was through whole cell phagocytosis.

Flow fields and potential clearance rates

In all dinoflagellates, the trailing flagellum produced
short-lived, counter-rotating flow structures behind
the swimming cell. This part of the flow field was
thus highly fluctuating and in synchrony with the
beating of the flagellum (Figure 3 and Supplementary
Movies S2 and S3). In contrast, the transverse

flagellum created distinctly different flow fields
depending on its position on the cell: dinoflagellates
with the transverse flagellum positioned anteriorly
(A. Iongum and D. acuta) had near radial symmetric
flow fields, with water in front of the cell moving
toward it and out to the sides (Figures 3c and g and
Supplementary Movies S2 and S3). The flow velo-
cities in this part of the flow field were almost
constant, and the anterior incoming flow of water
intercepts the cell at the position of prey capture in
A. longum and presumably also D. acuta.

In contrast, dinoflagellates with the transverse
flagellum positioned equatorially (Akashiwo sangui-
nea, G. dominans, Lingulodinium polyedrum and
Protoceratium reticulatum) all pushed water in front
of the swimming cell, and had a flow toward the
transverse flagellum. This flow was asymmetric and
by far the strongest on the side of the cell where the
trailing flagellum is positioned, consequently mak-
ing the flow directed toward the cingular—sulcus
intersection (Figure 3 and Supplementary Movies
S2 and S3). This is also the region of prey capture
and phagocytosis, effectively making it a feeding
current. In the two-dimensional observations, these
asymmetric flow fields appeared highly fluctuating,
as the dinoflagellate cells rotate around their own
length axis when swimming. The feeding current
was thus most pronounced when the cells were
oriented with one of the two lateral sides toward the
camera, and the focus depth matched the primary
plane of the flow. The flow field of O. marina
resembled that of dinoflagellates with an equatorial
transverse flagellum. Thus, in all species, flows are
created that bring prey particles to the capture
position on the cell, or at least prevent cells from
being pushed away. These flows can consequently
be considered feeding currents.

Potential clearance rates computed from the
observed flow fields of G. dominans increased with
prey size and ranged from 2x10"7 to 5x10 *
mlh~" for prey sizes 1 to 30um (Figure 5). For
O. marina, the corresponding values were 2 x 10~ ° to

The ISME Journal



Flow fields around swimming microorganisms
LT Nielsen and T Kigrboe

2124

5x 10 *mlh~" (Figure 5). For comparison, clearance
rates reported in the literature are also plotted and
observed and predicted clearance rate are of similar
order of magnitude, at least for the larger prey cells.

Deformation fields

The different dinoflagellate species created highly
different intensities of fluid deformation (Figure 3
and Supplementary Movies S2 and S3). Both species
with the transverse flagellum positioned anteriorly
produced relatively little deformation, and in the
area in front of the cell, where prey is intercepted,
the deformation never exceeded the threshold of
3s~'. A. sanguinea and P. reticulatum both swam
slowly and created very little fluid deformation.
Only small areas in front of the cells, very near the
transverse flagella and in the immediate wake of the
cells had values of deformation exceeding 3s ™.
L. polyedrum swam slightly faster, and caused
significantly more fluid deformation, especially in
the feeding current directed toward the sulcus—
cingulum junction. G. dominans and O. marina
were the fastest swimmers and both created large
areas of high fluid deformation, particularly in front
of the cell and in the flow directed toward the
sulcus—cingulum junction.

Concentration fields and nutrient fluxes

The flow field relative to the swimming D. acuta
was quite stationary and nearly rotational symmetric
(Figure 6a and Supplementary Movie S4). Some
fitting was needed to achieve a divergence-free flow
field, especially very near the cell (Figure 6b). The
computed concentration field around D. acuta
showed steep gradients in front and to the sides of
the cell (Figure 6c). The Sherwood number was
found to be 1.75+0.06 (mean *s.d., n=30), corre-
sponding to an increase in nutrient uptake due to
advection (swimming and feeding currents) by 75%
relative to that due to pure diffusion.

Discussion

Prey capture and interception feeding

Our observations suggest that all dinoflagellates
produce feeding currents that both allow direct
interception of prey particles and lead to increased
prey encounter rates. Rather than pushing the prey
away as they approach, they make use of small-scale
flow structures to position the prey near a specific
area of their own cell. O. marina and the dino-
flagellates with an equatorial transverse flagellum
do, as hypothesized, push water in front as they
swim. This would mean reduced prey encounter
rates, but these dinoflagellates create a feeding
current that transports prey particles to the sulcus
area, co-occurring with the site of prey capture and
engulfment (Hansen and Calado, 1999; Roberts
et al., 2011). Dinoflagellates with an anterior
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transverse flagellum do not push water in front of
the swimming cell; instead, a feeding current directs
prey toward the entire anterior part of the dino-
flagellate. This is consistent with our observations of
prey capture occurring anteriorly in A. longum.
For G. dominans and O. marina, the magnitude of
flow provided via the feeding current compares well
with earlier observations of clearance rates, at least
for large prey, and the feeding current thus presents
a satisfactory explanation for observed prey encoun-
ter rates. Our clearance rate calculations are based
solely on interception feeding that requires physical
contact between predator and prey. No remote
sensing of the prey, chemical or physical, is
assumed. It is clear that many protists (including
dinoflagellates) are chemotactic and are able to
remain in patches of elevated food concentrations
or otherwise advantageous conditions (Spero, 1985;
Martel, 2006; Berge et al., 2008). In addition, the
ciliate Mesodinium pulex has been shown to use the
hydromechanical signals to detect its prey, but this
is, to our knowledge, the only protist species for
which this has so far been shown (Jakobsen et al.,
2006). It still remains largely unexplored whether
dinoflagellates are able to remotely detect individual
prey and thereby increase prey encounter rate. If
sensing (chemical or hydromechanical) is indeed
directly involved in G. dominans and O. marina
feeding, clearance rates are potentially higher than
calculated here. It should be noted, however, that we
did not observe remote prey sensing in either
species. The clearance estimates are also very
sensitive to the predator’s swimming speed. In our
experiments, both dinoflagellates swam at ~200-
300pums ', but O. marina has been reported to
swim as fast as 700pums "' (Cosson et al., 1988).
Finally, our calculated clearance rates assume
nonmotile prey; prey motility may increase prey
encounter velocity and, hence, clearance rate. Thus,
our calculated clearance rates are conservative
estimates but suggest a significant role of the feeding
current for prey encounter in dinoflagellates.
Interception feeding, with its haphazard particle
collection, thus appears the strategy in these
fast-swimming heterotrophic dinoflagellates. This has
direct implications for models of interactions among
plankton organisms, including prey encounter rates.
Here we have shown how dinoflagellates manage
to capture prey particles without pushing them
away, but all other phagocytizing microorganisms
similarly need to overcome viscosity to encounter
prey. Some resolve to filter feeding, for example,
choanoflagellates, some sessile nanoflagellates and
ciliates (Sleigh, 1964; Fenchel, 1982, 1986; Fenchel
and Patterson, 1986; Pettitt et al., 2002), others are
diffusion feeders that depend on prey swimming
across the viscous boundary (Fenchel, 1984;
Langlois et al., 2009) and others again have deve-
loped rather unique methods such as the toxic
mucus traps of Alexandrium pseudogonyaulax
(Blossom et al, 2012). Although interception



feeding may be common among free-swimming
flagellates (Fenchel, 1984), fluid dynamics have
mostly been studied for sessile forms (Fenchel,
1982; Christensen-Dalsgaard and Fenchel, 2003),
and our results are, to our knowledge, the first
empirical quantification of the importance of feed-
ing currents in free-swimming interception feeders.
Moreover, feeding currents should be present in
nearly all phagocytizing microorganisms as they
appear a prerequisite for successful particle feeding.

Quick or quiet?

The magnitude of fluid deformation produced by
swimming dinoflagellates are comparable to levels
that may elicit escape responses in their prey items
(Jakobsen, 2001, 2002; Jakobsen et al., 2006). Inte-
restingly though, there were large differences among
the dinoflagellates in the magnitude and pattern of
fluid deformation created. Some dinoflagellates
(here represented by O. marina and G. dominans)
rely on rapid swimming in order to encounter as
much prey as possible, and in the process sacrifice
hydrodynamic stealth. Thus, they must either rely
on nonevasive prey or be able to catch the prey
despite evasive actions. Others—here represented
by the remaining species—take a slow-swimming
approach that allows them to approach their prey
unnoticed. The case of Dinophysis spp. is particu-
larly interesting, as it feeds solely on the evasive and
very fast swimming ciliate M. rubrum (Park et al.,
2006; Reguera et al., 2012). Nagai et al. (2008)
described how Dinophysis fortii captured M. rubrum
directly with its peduncle, but also described
excreted mucus as an alternative strategy, and prey
clump formation, supposedly mediated by an
excreted allelochemical, as a third. Alternatively,
Hansen et al. (2013) described how Dinophysis spp.
catch M. rubrum using capture filaments deployed
at a distance, presumably informed by leaked
chemical substances. Both lack documentation,
however, and one may rightfully ask how the slow
dinoflagellate is able to catch the fast and alert
ciliate? The threshold deformation rate to elicit an
escape response in M. rubrum is ~3s~ "' (Jakobsen,
2001; Fenchel and Hansen, 2006) and our observa-
tions show that the deformation rate in the feeding
current of D. acuta does not exceed this threshold,
suggesting the dinoflagellate is able to intercept its
prey without eliciting its escape. Hence, different
feeding strategies emerge, signifying a tradeoff
between prey encounter rates and escape responses.
The observed differences were related mostly to
swimming speeds, and were not tightly coupled
with the position of the transverse flagellum.

Increasing nutrient uptake by swimming

Swimming significantly increased the flux of
inorganic nutrients to the mixotrophic dinoflagel-
late D. acuta. The observed increase (x75%)
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would be equivalent for other substances, for
example oxygen, CO, and HCO;"', ions and
infochemicals. This is, to our knowledge, the first
attempt to calculate potential fluxes to swimming
microorganisms based on empirical observations
of their flow fields. Previous work has described
theoretically the flux to a sinking sphere, moved
only by gravity (Clift et al., 1978; Kigrboe et al.,
2001), and to self-propelled uni-flagellated protists
(Langlois et al., 2009) and ‘squirmes’ (Magar et al.,
2003; Magar and Pedley, 2005). For size and speed
similar to that of the dinoflagellate D. acuta, the
theory of a sinking sphere predicts a Sherwood
number of ~ 1.5, that of squirmers ~2.0 and of the
uni-flagellate between 1.5 and 2.0, depending on
the length of the flagellum. The difference owes to
the fact that streamlines come much closer in a
self-propelled organism than to a translating
sphere moved by a body force. This in turn ensures
a steep gradient near the cell that enhances the
flux. Our result, based on empirical observations of
the flow field around a self-propelled dinoflagel-
late, was in the middle of theoretical estimates,
and denotes a significant increase in nutrient
uptake because of swimming. Jiang (2011) used
computational fluid dynamics to estimate nutrient
transport to another mixotrophic protist, the
jumping ciliate M. rubrum; during its very fast
jumps, ~500 body lengths s~ ", it may increase
nutrient transport by a factor 5.

Large cells are generally poor competitors for
inorganic nutrients compared with small ones as
diffusion-limited mass-specific nutrient uptake
scales inversely with cell radius squared (Kigrboe,
2008). Large-sized diatoms combat diffusion limita-
tion by an inflated-volume strategy (Thingstad et al.,
2005): by having a vacuole that efficiently increase
the cell size—but not the biomass—and therefore
the absolute diffusive transport, they are able to
increase the mass-specific nutrient uptake by a
factor of 2—5 relative to that of a denser cell of the
same biomass. Large-sized dinoflagellates and other
mixotrophic motile protists achieve a similar
enhancement in nutrient uptake by generating
feeding and swimming currents. Swimming
and feeding currents also allow dinoflagellates to
intercept prey particles, permitting a mixotrophic
strategy. This may help explain the evolutionary
success of dinoflagellates in the ocean.
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